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Abstract 

Respiratory health is negatively impacted by exposure to ozone or to estrogens. Increasingly, individuals have simultaneous 
environmental exposure to both compounds. Characterizing the cellular responses stimulated by the combination of ozone 
and estrogens, therefore, is crucial to our complete understanding of the compounds' environmental health impacts. Our 
work introduces an alveolar cell culture model with defined media that provides evidence of ozone damage and determines 
sex hormones alter the cells' susceptibility to oxidative damage. Specifically, we investigated the individual and combined 
effects of environmentally relevant levels of ozone and 17(3-estradiol on non-cancerous rat, type-ll alveolar cells by 
examining biomarkers of cellular health and redox balance. The data reveal a complex role for 17p-estradiol in cellular 
recovery from 1 hr exposure to high ozone levels. At 0.5 hr post-ozone necrosis and inflammation markers show 17(3- 
estradiol augments the detrimental effects of 350 ppb ozone, but after 24 hr of recovery, steroid treatment alters 
glutathione redox ratio and allows cellular proliferation. 
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Introduction 

Lungs encounter stressors, like ozone and estrogens, through 
simultaneous exposure to environmental and cellular sources 
including indoor and outdoor air, phytoestrogens and poly- 
aromatic hydrocarbons, and genetic makeup. Epidemiological 
analyses of the effects of exposure to higher ambient ozone 
concentrations have revealed a correlation with the incidence and 
severity of many lung pathologies including asthma [1], cancers 
[2], chronic obstructive pulmonary diseases (COPD), and pneu- 
monia [3]. Cell-level studies of individuals with healthy or diseased 
lungs connect ozone exposure with acute and chronic pulmonary 
inflammation, with both types of inflammation postulated to be a 
part many lung disorders' pathogenesis [4—6] . When considering 
estrogens, compounds with both environmental routes of exposure 
and physiological differences due to genetic makeup and sex, there 
is agreement that the compounds alter lung pathogenesis. 
However, whether estrogens promote or inhibit disease remains 
in question ([7-9] reviewed in [10-12]). As indicated, previous 
research has focused on epidemiological or toxicological analysis 
of the individual effect of ozone or estrogen [13,14] but, in the 
body, lungs are exposed to them simultaneously. An understand- 
ing how the combination of ozone and estrogen alters pulmonary 
pathogenic processes not only could help assess health risks posed 
by environmental exposure to estrogen and endocrine disrupting 
chemicals but also delineate the different health risks ozone may 
pose to male and female subpopulations, with the potential to 
inform intervention and treatment efforts. 

Estrogens' cellular role is known to be complex. Because many 
cell types defend against oxidative damage by up-regulating 
antioxidant levels [1], the presence of additional 1 7 [i-estradiol 



(E2), the reduced and biologically active form of estrogen, might 
be predicted to mitigate ozone-induced damage. However, 
additional products of E2 metabolism increase the complexity of 
the potential cellular outcomes induced by ozonolysis. E2 exposed 
to oxidation is broken down [15] and many E2 metabolites 
increase ROS [16], alter redox homeostasis, and may be involved 
in carcinogenesis [17]. Compounding this effect, oxidation- 
induced upregulation of E2 levels may, in turn, upregulate 
cyclooxygenase-2 (COX-2) and increase expression of the 
inflammation marker, prostaglandin E2 (PGE2; [18]) 

In lung epithelia, although a connection between E2 and 
increased PGE2 has been described, PGE2's function is not well 
understood. In alveoli increased PGE2 decreases apoptosis and 
suppresses fibroblast proliferation; suggesting increased PGE2 
prevents idiopathic pulmonary fibrosis and promotes lung health 
[19]. However, PGE2 is also associated with tumorigenesis 
[20,21]. In type-II alveolar cells, because PGE2 alters the x ( . 
system for cystine transport, thereby decreasing cysteine available 
for synthesis of the antioxidant glutathione, PGE2 may also 
increase sensitivity to ROS [22]. A mechanism of E2 metabolism 
increasing ROS levels and PGE2 synthesis- which further 
augments ROS and thereby reduces antioxidant capacity and 
inhibits apoptosis- is consistent with E2's association with 
carcinogenesis and underscores the need for further investigation 
of the combined effects of E2 and strong oxidants like ozone. 

The effect of E2 on recovery from oxidative stress is context 
dependent. E2 can affect recovery through plasma membrane- 
associated estrogen receptors (ERs) resulting in immediate alteration 
of signaling cascades, or via classical nuclear estrogen receptors, a 
slower, longer-lasting mechanism changing transcription rates. For 
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example, E2 can inhibit glutathione synthesis via interactions with 
plasma membrane ERs that increase cAMP [23,24]. However, E2 
also increases expression of glutathione and enzymes in glutathi- 
one's biosynthetic pathway through nuclear ER-(3 in myocardial 
cells [25]. Because E2's effect on antioxidant levels is context 
dependent, research is needed determine how E2 alters non- 
cancerous cells' responses to oxidation. 

Despite increased environmental exposure to ozone and 
estrogens and the individual correlations of each chemical to lung 
disease, the combined effect of ozone and estrogen on pulmonary 
health has not been examined in either whole animal or cell model 
systems. Due to the complexity of these variables' cellular effects, 
we developed a defined cell culture model focusing on the 
activation of cellular defense systems. Levels of well-established 
biomarkers were investigated to determine the effect of E2 and 
ozone, alone and in combination, on type-II alveolar cell health 
and redox homeostasis. 

The survival of type-II alveolar cells during and after oxidative 
stress is critical to lung function. These cells participate in immune 
and inflammatory responses and, after lung injury, can proliferate 
and differentiate into type-I alveolar cells, the site of gas exchange 
[26]. We present a cell culture system using a non-cancerous, 
female rat type-II alveolar cell line (L2 cells; ATCC #CC-149) to 
characterize the combined effects of consistent exposure to 
physiologically relevant levels E2 (10 nM) and 1 hr exposure to 
Environmental Protection Agency (EPA)-defmed 'very unhealthy' 
levels of ambient ozone (350 ppb). Separate recovery periods of 
0.5 or 24 h hours allowed immediate and long-term responses to 
be evaluated. We assessed cellular health by determining relative 
levels of mitochondrial function, viability, necrosis, and apoptosis 
and by measuring the levels of total glutathione and glutathione 
disulfide (GSSG) and secreted PGE2. 

Materials and Methods 

Materials 

Materials were obtained from the following suppliers: female rat 
non-cancerous type-II alveolar cells (CC-149, L2 cells) and fetal 
bovine serum (FBS), ATCC; low glucose DMEM, Hyclone. 
Phenol red-free low glucose DMEM, 17(3-estradiol (E2) and 3,3', 
5-triiodo-L-thyronine sodium salt (T3), Sigma-Aldrich; charcoal- 
stripped FBS and 100X antibiotic-antimycotic, Invitrogen; Tryp- 
sin-EDTA .05%, VWR; Na-pyruvate, Cellgro; Hanks buffered 
saline solution (HBSS), Lonza; MTT, PGE2, and Apotox-Glo 
Triplex assay kits from Roche, Cayman Chemical, and Promega, 
respectively. Promega generously provided GSH/GSSG-Glo 
assay prior to public release. 

Cell culture and 0 3 exposure 

L2 cells were cultured in a humidified atmosphere at 37°C, 5% 
C0 2 in low glucose DMEM, 10% FBS. Cells were seeded into 
either white bottom or clear bottom 96-well, tissue culture treated 
plates (Costar) at 10 4 cells/well. FBS contains uncharacterized 
levels of E2 and thyroid hormone (T3) and phenol red has been 
shown to have estrogen-like effects [34], therefore, after 18- 
24 hour attachment period, cells were washed (PBS) and defined 
media (phenol red-free, low glucose DMEM, 10% charcoal stripped 
FBS, 10" 9 M T3) was added. Pretreatments (48 hours ±10 nM 
E2) occurred as indicated. To remove extracellular compounds 
that were oxidizable, cells were washed (PBS) and the media 
changed to HBSS ±10 nM E2 before gas exposure. Ozone was 
generated from 0 2 via an Ozone Gas Generator (Pacific Ozone 
Technology) and diluted to indicated concentrations with sterile 
5% C0 2 /air. Exposure conditions included (2.5 L/min sterile 5% 



C0 2 /air) ±350 ppb 0 3; 1 hr, 37°C. To isolate the effect of 
flowing air (itself a source of oxidation) versus non-flowing air, 
'No-flow' (NF) samples, covered with parafilm, were included and 
used to normalize data as indicated. After gas exposure, cells were 
washed (PBS) and returned to defined media ± 10 nM E2. Assays 
were performed 0.5-hour or 24-hour after gas exposure, as 
indicated. 

Biomarker assays 

Mitochondrial activity assay. Quadruplicate assays deter- 
mining mitochondrial activity via reductase activity (MTT assay) 
were performed as per manufacturer instructions (Roche). 
Absorbance values were measured spectrophotometrically (Model 
680 Microplate Reader; Bio-Rad) with background readings 
(Abs 655nm ) subtracted from Abs 60 onm readings. Data were 
normalized to the non-oxidized levels represented by average 
NF controls. 

Viability, necrosis and apoptosis assays. Viability (GF- 
AFC cleavage), cytotoxicity (bis-AAF-R 1 1 0 cleavage) and apop- 
tosis (caspase 3/7 activity) were measured simultaneously via the 
Apotox-Glo™ Triplex assay (Promega). To facilitate collection of 
fluorescent and luminescent data cells were seeded into white- 
bottom 96 well plates. Quadruplicate samples were treated as 
indicated and processed per manufacturer instructions. An 
FLxSOO Microplate Fluorescence Reader (Bio-Tek Instruments 
Inc.) was used to measure both fluorescence (420E x /485E m an d 
485ex/528eiti) an d luminescence. Data were normalized to the 
non-oxidized levels represented by average NF samples for each 
subassay. 

Assay of inflammation marker. Triplicate samples were 
seeded in clear-bottom 96 well plates, treated as indicated and 
PGE2 levels determined per manufacturer instructions (PGE2 
Assay: Cayman Chemical Co.). Since fresh media was added after 
gas exposure, samples represent PGE2 secreted after oxidative 
stress. All samples were frozen (— 80°C) immediately after 
collection and assays were performed within 2 weeks. PGE2 
concentrations were calculated against concurrendy run standards. 
The average concentration (pg/ml) is reported. 

Redox state. Total glutathione and GSSG levels were used as 
a measure of the cells' redox state. Triplicate samples were 
prepared for each assay, treated as indicated, and processed per 
manufacturer instructions (GSH/GSSG-Glo™ Assay Promega). 
Total glutathione and GSSG concentrations were calculated 
against concurrently run standards and average uM for each 
condition is reported. 

Statistical analysis 

Prior to norming, outliers were identified and removed from 
data sets by the Q-Test (90% confidence interval). Graphs present 
mean ± S.E.M. To compare the combined effects of ±350 ppb 
ozone and ±10 nM estrogen, pure model I two-way ANOVAs 
were performed followed by a Tukey HSD post hoc test (JMP 
statistical package, Cary, NC). p^O.05 was considered significant. 

Results and Discussion 

Despite increasing environmental exposure to ozone and 
estrogens and correlations between each chemical and lung 
disease, no studies in either whole animal or cell model systems 
have reported the combined effects of ozone and estrogen on 
pulmonary health. In addition, while alveoli play a critical role in 
lung function much about the stress and recovery response of these 
cells remains unknown. Here we introduce L2 cells as an alveolar 
cell culture system suitable for determining the effects of 
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environmental pollutants. We support use of the L2 cell system by 
showing that, consistent with data from other animal and culture 
systems, ozone has deleterious effects. However, unlike other 
systems used for ozone research, our L2 cell system has defined 
estrogen levels allowing dual analysis of ozone and hormonal 
influences. Our data indicated that estrogen plays a complex role 
in response to an oxidative stress event with differences between 
immediate and more long-term outcomes. 

In order to remain close to conditions found in the environment 
we exposed alveolar type II cells (L2 cells) to physiologically 
relevant concentrations of ozone and estrogen. More specifically, 
we exposed L2 cells to the ozone level classified by the EPA as 
'very unhealthy' (350 ppb ozone/ 1 hr). We recognize that an 
experimental design with alveolar cells directly exposed to ozone 
differs from the in vivo situation where inspired gases react with 
respiratory tract tissue before reaching the alveolus. Therefore, the 
effective ozone exposure that our +350 ppb ozone samples 
experience is greater than those found in an alveolus of a whole 
lung respiring in a 350 ppb ozone environment. Given that 
alveolar ozone concentrations in vivo are neither available nor part 
of the EPA exposure definitions, we note this limitation of our 
model and submit that, compared to cell and whole animal studies 
with exposure parameters of 1000 ppb+ozone [27-29], the 
exposure level in our system better models environmental and 
physiological conditions. 

Cells were exposed to the biologically active form of estrogen, 
1 7fS-estradiol (E2). Reports indicate that exposures to some, but 
not all, concentrations of E2 increase cell growth rate [32]. 
Because E2-induced changes in growth rate would confound 
comparative analyses of biomarkers, prior to characterizing the 
combined effect of E2 and ozone on L2, we tested the effect of 0, 
1,10, and 100 nM E2 and determined that 10 and 100 nM E2 do 
not change L2 growth rate (data not shown). The fact that 10 nM 
E2 does not increase is consistent with data from other systems 
[32]. Because 10 nM E2 is more physiologically relevant than 
100 nM E2, 10 nM E2 exposures were used in this study. 

Within the body, E2 can alter recovery from oxidative stress via 
immediate mechanisms affecting signaling cascades through 
plasma membrane-associated estrogen receptors (ERs) and via 
slower, longer-lasting genomic mechanisms affecting transcription 
through classical nuclear ERs [23-25] . Therefore to capture data 
within the immediate and genomic response mechanisms, we 
characterized our model system by measuring biomarkers for 
cellular health, inflammation and oxidative stress at 0.5 hr and 
24 hr after gas exposure, respectively. To examine the combined 
effect of E2 and ozone, we exposed L2 cells for 1 hour to all 
permutations of 0 nM or 10 nM E2 plus 0 ppb or 350 ppb ozone 
(i.e. ±E2 ±0 3 ) at a flow rate of 2.5 L/min. 

First considering the 0.5 hr time point, exposure to 350 ppb 
ozone resulted in decreased viability and mitochondrial activity. 
Two-way ANOVA followed by Tukey HSD post hoc analysis 
revealed significant main effect of ozone, alone, on necrosis levels 
(p = 0.0 113; Figure 1). 10 nM E2 treatment augmented ozone's 
effect and resulting in an additional statistically significant 
interaction effect and increase in necrosis (p = 0.0053; Figure 1). 

Because ozone stimulates secretion of the inflammation marker, 
PGE2, and apoptotic enzyme activity and PGE2 levels show an 
inverse relationship in airway epithelia [30] , we examined whether 
this relationship is maintained in L2 cells. Two-way ANOVA 
followed by Tukey HSD post hoc analysis revealed significant main 
effect of ozone on PGE2 secretion 0.5 hr post gas exposure 
(p = 0.02 17) and an interaction effect between ozone and E2 
resulting in an additional significant increase in PGE2 levels 
(p = 0.0295; Figure 2B). However, since neither ozone nor E2 
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Figure 1. Effect of E2 and ozone (0 3 ) on relative levels of 
mitochondrial activity (A), viability (B) and necrosis (C) 0.5 hr 
after gas exposure. 10 4 L2 cells/well were treated with E2 and 
350 ppb 0 3 as indicated. After 0.5 hr recovery time, levels of 
mitochondrial activity (F = 1.7336, df=3,15, p = 0.21 33), viability 
(F = 2.6161, df=3,12, p = 0.1 152), and necrosis (F = 7.4798, df = 3,12, 
p = 0.0081) were determined. Values represent the mean of 3-4 
replicates normalized to data from control cells (-E2, in non-flowing 
5% C0 2 /air), ±S.E.M. # p==0.05 compared to 0 ppb 0 3 . ** p<0.01 
compared to the same E2 treatment group. 
doi:10.1371/journal.pone.0090530.g001 

altered activity of the apoptotic enzymes, Caspase 3/7, alveolar 
cells responds differently than airway epithelia and did not show 
the inverse relationship between PGE2 levels and apoptotic 
enzyme activity (Figure 2A). 

It has been suggested that an increase in PGE2 secretion may 
result in cell death through the generation of superoxide radicals 
[20,31]. Thus, the additional increase in PGE2 seen in E2- treated 
samples at 0.5 hr post oxidative stress could be caused by a 
concomitant increase in ROS that stressed the cells to the point of 
irrevocable damage and necrosis. However, an interpretation of 
irrevocable damage would predict that at 24 hr post gas exposure, 
cell cultures treated with E2 would have fewer cells and therefore 
secrete less PGE2, than counterparts that were not treated with 
estrogen. In contrast, the data show that no combination of E2 
and ozone significantly altered PGE2 secretion at the 24 hr time 
point (Figure 3B). In fact, in both 350 ppb ozone and 5%C02/air 
treatment groups, including 10 nM E2 resulted in an 11 % increase 
in viability (p = 0.0009 Figure 4B). 
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Figure 2. Effect of E2 and 0 3 on relative levels of apoptosis (A) 
and PGE2 secretion (B) 0.5 hr after gas exposure. 1 0 4 L2 cells/ 
well were treated with E2 and 0 3 as indicated. After 0.5 hr recovery 
time, levels of apoptosis (F = 0.6948, df = 3,12, p = 0.5781) were 
determined and media samples were collected from a separate set of 
cells to determine PGE2 secretion (F = 5.8628, df = 3,1 1, p = 0.0203). 
Level of apoptosis values represent the mean of 3-4 replicates 
normalized to data from control cells (-E2, in non-flowing 5% C0 2 /air), 
±S.E.M. PGE2 values represent the mean of 3 replicates, ±S.E.M. 
# p<0.05 compared to 0 ppb 0 3 group and * p<0.05 compared to the 
same E2 treatment group. 
doi:1 0.1 371 /journal.pone.0090530.g002 

Previous work demonstrated that type-II alveolar cells repair the 
alveolar wall after damage [27]. Consequently, we expected the 
increase in viability to be accompanied by an increase in cell 
proliferation that would, in turn, raise the sample's mitochondrial 
activity. Instead we found that E2 had no significant effect on 
mitochondrial activity in our alveolar cell system (Figure 4A) 
making our findings more similar to those of Si and colleagues [32] 
who reported 10 nM E2 did not induce aortic endothelia 
proliferation. 

Because the increased viability seen in E2-treated samples could 
be the consequence of a decrease in necrotic cell death, a decrease 
in apoptotic death, or both, we subjected cells to all combinations 
of ±E2 and ±0 3 and assayed necrosis and apoptosis biomarkers 
within the same sample. As predicted, samples treated with 10 nM 
E2 during and after 0 ppb ozone exposure (i.e. 2.5 L/min, 5% 
C02/air) showed a significant decrease in necrosis when 
compared to cells exposed to flowing gas but no E2 (p<0.05; 
Figure 4C). In addition, the +E2-O3 samples exhibited signifi- 
cantly less necrosis than samples treated with E2+350 ppb ozone 
(p<0.05; Figure 4C). Comparing samples collected at the 0.5 hr 
and 24 hr post-gas recovery periods, necrosis in +E2+0 3 samples 
increased by only 5.51% while in all other exposure conditions 
necrosis increased by 30-32% between the two time points 
(Figure 4C and 1C). This suggests that at the 24 hr time point a 
majority of the necrosis seen in the samples treated with E2+0 3 
reflects cell death that occurred immediately after gas exposure, 
rather than a significant increase in necrosis occurring between 0.5 
and 24 hr of recovery. Examination of Caspase 3/7 activity levels 
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Figure 3. Effect of E2 and 0 3 on relative levels of apoptosis (A) 
and PGE2 secretion (B) 24 hr after gas exposure. 1 0 4 L2 cells/well 
were treated with E2 and 350 ppb 0 3 as indicated. After 24 hr, levels of 
apoptosis (F = 12.0440, df = 3,1 3, p = 0.0012) were determined and 
media samples were collected from a separate set of cells to determine 
PGE2 secretion (F = 2.3803, df =3,1 1, p = 0.1453). Values of apoptosis 
represent the mean of 3-4 replicates normalized to data from control 
cells (-E2, in non-flowing 5% C0 2 /air), ±S.E.M. ** p<0.01 compared to 
0 ppb 0 3 . 

doi:10.1371/journal.pone.0090530.g003 



revealed that, independent of E2 treatment, cells exposed to 
350 ppb ozone showed significantly greater levels of apoptosis 
than cells exposed to 0 ppb ozone (p = 0.0002; Figure 3A). Taken 
together, these data suggest that when 10 nM E2 is present during 
a recovery period that is long enough to include changes in gene 
expression (i.e. 24 hr) the steroid mitigates ozone- induced 
necrosis, but not ozone-induced apoptosis. 

Differences in study design and culture conditions could account 
for differences between previous studies and our cell proliferation 
data. First, earlier studies approximated cell growth via markers 
that occur before cytokinesis [27,33] while our metrics required 
completion of cell division. Second, and perhaps more significant- 
ly, other studies, not focused on estrogens, used media containing 
phenol red, an estrogen mimic [34] , and complete FBS containing 
undefined concentrations of E2. To decrease confounding media 
effects and better define E2 exposure levels in our system we 
cultured L2 cells in phenol-red free DMEM and 10% charcoal- 
stripped FBS. Thus, the increased cell proliferation in those other 
studies could be, in part, due to estrogenic effects of culture media. 
We find this hypothesis likely, as it is consistent with recent whole 
organism studies that report estrogen is responsible for some sex- 
specific differences in alveolar size [35] and is necessary for 
alveolar wall regeneration in mice [36]. Additionally, our initial 
feasibility studies showed that in the absence of any airflow 10 nM 
E2 treatment did not increase viability (Chalfant and Bernd, 
unpublished data). 10 nM E2 only increased viability when cells 
were under conditions more similar to those in the lung where low 
or high oxidative stress is present. These conditions are modeled in 
our system by 2.5 L/min, 5% C02/air containing 0 ppb or 
350 ppb ozone. 
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Figure 4. Effect of E2 and 0 3 on relative levels of mitochondrial 
activity (A), viability (B) and necrosis (C) 24 hr after gas 
exposure. 10 4 L2 cells/well were treated with E2 and 350 ppb 0 3 as 
indicated. After 24 hr, levels of mitochondrial activity (F = 1 .41 22, 
df = 3,15, p = 0.2872), viability (F = 7.2915, df =3,13, p = 0.0071) and 
necrosis (F = 5.9990, df = 3,1 3, p = 0.01 32) were determined. Values 
represent the mean of 3-4 replicates normalized to data from control 
cells (-E2, in non-flowing 5% C0 2 /air), ±S.E.M* p<0.05 in the same E2 
treatment group. # p<0.05 and ## p<0.01 compared to the same 0 3 
exposure. 

doi:1 0.1 371 /journal.pone.0090530.g004 

The increase in viability seen in E2-treated cells could occur by 
two different mechanisms. First, because E2 is involved in alveolar 
wall repair [36], it could induce proliferation that compensates for 
cell death despite high intracellular ROS. Conversely, viable cell 
number could be maintained because E2 could decrease damage 
caused by cellular ROS, either directly by acting as an antioxidant, 
or indirecdy by increasing expression of the antioxidant glutathi- 
one. To explore the effect of E2 on the expression of cellular 
antioxidants, we measured total glutathione and found no 
significant difference between any combination of E2 and ozone 
treatments (Figure 5A). We note that assay limitations preclude 
determining cell number within the actual test population, thus, 
conditions that decrease cell numbers but increase glutathione per 
cell could show no net change in total glutathione. However, our 
data indicate that E2 treatment increases the number of viable cells 
in +350 ppb O3 conditions (Figure 4). Because we see no increase 
in glutathione in any condition tested, including those with 
increased viability, we are confident that E2's function in 



+350 ppb 0 :i conditions does not include upregulation of 
glutathione expression. Further investigation determined that 
ozone exposure (p = 0.0026) and E2 treatment (p<0.0001) 
significantly increased the amount of glutathione found in its 
oxidized form, GSSG (Figure 5B). In addition, together the two 
treatments synergistically increase GSSG levels in +E2+O3 vs. - 
E2- 0 3 controls (p = 0.0009). These data suggest that E2 increases 
ROS and enhances ozone-induced increases in ROS resulting in 
an altered glutathione redox ratio. 

While E2 treatment increased cell viability after either low or 
high levels of oxidative stress, E2's effect on necrosis appears 
dependent upon the degree of oxidative stress in the system. E2- 
treated cells exposed to 0 ppb ozone had significantly lower levels 
of necrosis than those exposed to 0 ppb ozone without E2. Also, 
E2-treated cells exposed to 350 ppb O3 showed comparable high 
levels of necrosis at 0.5 hr and 24 hr post gas exposure, suggesting 
that while E2 exacerbated the original oxidative insult, the 
hormone eventually mitigated further damage to the cells. While 
this result could be due to increased levels of apoptosis, given cell 
proliferation seen in these conditions, we find that explanation 
unlikely. 

As mentioned earlier, E2 could mitigate necrosis through 
several different mechanisms. E2 could act directly as an 
antioxidant, decreasing intracellular ROS and thus allowing 
recovery [37]. However this hypothesis is unlikely because the 
raised level of GSSG seen in 10 11M E2, 350 ppb ozone conditions 
supports the presence of high ROS. Other mechanisms that 
warrant exploration in future studies include E2 reducing ATP 
depletion caused by oxidative stress [38] and enabling ATP 
secretion that, in lung epithelia, is known to decrease ozone 
induced necrosis and apoptosis [39]. Alternatively, several studies 
in non-lung cell types have shown that E2 treatment increases 
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Figure 5. Effect of E2 and 0 3 on total glutathione (A) and GSSG 
(B) 24 hr after gas exposure. 10 4 L2 cells/well were treated with E2 
and 350 ppb 0 3 as indicated. After 24 hr recovery time total 
glutathione (F = 0.3699, df = 3,1 1, p = 0.7770) and GSSG (F = 33.0667, 
df = 3,1 1, p<0.0001) levels were determined. Values represent the mean 
of 3 replicates, ±S.E.M. ** p<0.01 relative to the same E2 treatment. 
## p£0.01 same 0 3 exposure. 
doi:10.1371/journal.pone.0090530.g005 
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basal levels of heat shock proteins (HSPs), which could play a role 
in recovery [40-42] . These reports, combined with those showing 
ozone stimulates expression of HSPs and stress proteins in type-II 
alveolar cells [27,43], suggest that E2 treatment could enable cell 
survival by either increasing basal levels of HSPs or by further 
enhancing increases in HSP expression that ozone has induced. 

The increase in cellular proliferation and reduction in cell death 
in the presence of increased ROS suggests that ozone exposure 
may induce E2 metabolism to one of its less understood 
metabolites. Both 2-hydroxyestradiol and 4-hydroxyestradiol 
increase cellular ROS and are known to induce DNA damage 
directly and via quinone - semi-quinone redox cycling [17]. 
Despite increasing intracellular ROS and DNA damage, 4- 
hydroxyestradiol also induces cell growth, providing a connection 
between E2 metabolism and cellular proliferation [16]. In our 
system E2 metabolism could be stimulated by tryptophan oxidized 
during ozone exposure. In mouse heptocarcinoma cells, AhR was 
activated both by oxidized tryptophan [44] and 2,3,7,8- 
tetrachlorodibenzo-p-dioxin (TCDD), the prototypical AhR ligand 
[45], resulting in increased expression of proteins involved in E2 
metabolism [16]. In human bronchial epithelial cells, TCDD-AhR 
interactions were linked to induced expression of E2 metabolizing 
enzymes, decreased E2 and increased levels of its metabolites, 2- 
hydroxyestradiol and 4-hydroxyestradiol [46]. However while 
both metabolites are associated with increased ROS and cell 
growth, they also increase PGE2 secretion and decrease apoptosis 
[47]. Since, in our system, E2 treatment neither altered apoptosis 
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